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Objectives: The purpose of this study was to determine the incidence, risk
factors, and outcomes of acquired stenosis of the neopulmonary valve after
the neonatal arterial switch operation. Methods: Reviewed were the preop-
erative and follow-up echocardiograms from 136 of 288 patients undergoing
the arterial switch operation for whom adequate studies were available.
Pulmonary stenosis was defined as a thickened and doming pulmonary
valve and a pressure gradient of 20 mm Hg or more. Transposition of the
great arteries was present with intact ventricular septum in 91 patients,
with a ventricular septal detect in 39, with an aortic coarctation in 5, and
with double-outlet right ventricle in 1 patient. No patient had preoperative
valvular abnormalities (i.e., a bicuspid valve). Results: During a median
follow-up of 18 months (range <1 to 90 months), 32 patients (24%) had the
development of supravalvular pulmonary stenosis, 15 (11%) with associ-
ated pulmonary valve stenosis (group I). Kaplan-Meier estimates of
freedom from any intervention were 94% (95% confidence interval, 90% to
99%) at 1 year and 79% (95% confidence interval, 64% to 94%) at 5 years.
The valve anulus before the arterial switch operation was significantly
larger (p < 0.03) in those in whom neopulmonary valve stenosis did not
develop (group II) than it was in those in whom it did (group I). At
follow-up, the pulmonary valve anulus had decreased significantly in
diameter in group I (p < 0.0005) and had remained larger in group II (p 5
0.06) compared with normal diameter. Group I patients had the develop-
ment of significant pulmonary valve hypoplasia (p < 0.03) whereas group
II patients continued to have significantly larger valves compared with
normal size (p < 0.0001). Conclusions: Neopulmonary valve stenosis after
the arterial switch operation is not uncommon and is associated with
growth failure of the valve anulus often associated with supravalvular
pulmonary stenosis. (J Thorac Cardiovasc Surg 1998;115:557-62)
The arterial switch operation (ASO) is the ac-cepted, preferred treatment for transposition of
the great arteries (TGA) in the neonatal period,
with a low early and intermediate mortality rate.1-6
The most common complication in survivors is
stenosis of the pulmonary arteries (supravalvular
and branch pulmonary artery stenosis), with a re-
ported incidence from 7% to 40%.6-8 Pulmonary
artery stenosis may be related to the technique of
reconstruction of the proximal pulmonary arteries
with a patch to fill the defects in the posterior wall
where the coronary artery buttons were excised9-11
or to distortion of the main and peripheral pulmo-
nary arteries as a result of the anterior placement of
the bifurcation (Lecompte’s maneuver12). Neopul-
monary valve (neo-PV) stenosis has been reported
rarely in patients who have undergone either a
one-stage8, 13 or two-stage ASO.14 Staging with pul-
monary artery banding has been noted a risk factor
for development of neo-PV stenosis.14 However, the
incidence, risk factors, and early outcome after a
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one-stage ASO in neonates have not been de-
scribed. We sought to investigate these issues and
reviewed preoperative and follow-up echocardio-
graphic studies to discern correlations between
neo-PV stenosis, morphologic features (i.e., size of
the aortic valve [pre-ASO]), surgical technique, and
coronary artery anatomy.
Methods
Study population. Between August 1986 and October
1995, 288 infants with TGA or double-outlet right ventri-
cle underwent an ASO in the neonatal period at The
Hospital for Sick Children, Toronto. Adequate follow-up
data and echocardiograms before and after the ASO were
available in 136 children.
Echocardiographic measurements. Echocardiograms
were reviewed before repair and at a median interval of 18
months after repair (range ,1 month to 90 months).
Parasternal long- or short-axis views were used for evalu-
ation of right and left ventricular outflow tracts. When the
parasternal view was not adequate for measurement of
right ventricular outflow tract dimensions, the subcostal
right or left oblique view was used.15, 16 Measurements
were taken at the maximal diameter at each site. Pulmo-
nary valve stenosis was considered present when pulmo-
nary valve leaflets were seen to be thickened and doming
and an echocardiographic peak instantaneous pressure
gradient of more than 20 mm Hg across the valve was
documented. The diameters of the neo-PV anulus, neo-
aortic valve (neo-AV) anulus, main pulmonary artery
(neo-mPA), and ascending aorta at anastomotic sites and
the diameters of the left and right branch pulmonary
arteries were measured. The ratio of the neo-PV anulus to
the neo-AV anulus was calculated. For those patients with
neo-PV stenosis, intervening serial studies were also re-
viewed. Supravalvular pulmonary stenosis was considered
present when the region (diameter) above the pulmonary
valve sinuses was less than that of the pulmonary valve
anulus, with or without main pulmonary artery hypoplasia
or the presence of branch pulmonary artery stenosis. A
variety of echocardiographic machines were used with
transducers of 3.5 MHz or 5 MHz, and studies were
recorded on an S-VHS videotape recorder.
Data analysis. Descriptive patient data and anatomic
characteristics were recorded as frequencies, medians
with ranges, and means with standard deviations as ap-
propriate. Echocardiographic measurements were nor-
malized as a z score related to body surface area (Dr. S.
Colan, personal communication). These z scores were
derived from nonlinear regression equations obtained
from an age-appropriate normal population. The neo-PV
anulus was normalized to be a normal PV anulus. The
neo-AV anulus was normalized to be a normal AV anulus.
Likewise, the neo-mPA was normalized to a normal mPA,
and the neo–ascending aorta to a normal ascending aorta.
Mean z scores were tested against the null hypothesis of a
population mean of 0 with a Student’s t test. Changes in
mean z scores within groups were tested with paired t
tests. Time to reintervention was plotted with the use of
Kaplan-Meier estimates.
Results
Study population. The study population included
136 patients who had an ASO in the neonatal period
(,30 days of life). TGA with intact ventricular
septum was present in 91 (66%) patients, TGA with
a ventricular septal defect in 36 (26%), TGA, ven-
tricular septal defect, and coarctation in 4 (3%), and
double-outlet right ventricle (Taussig-Bing anom-
aly) in 1 (1%). There were 97 boys and 39 girls. The
ASO was performed at a median age of 6 days
(range 0 to 28 days), body weight of 3.3 kg (range 1.7
to 4.7 kg), and body surface area of 0.22 m2 (range
0.15 to 0.30 m3). Median follow-up interval was 18
months (range ,1 month to 90 months).
Coronary artery anatomy. Coronary artery anat-
omy was determined from biplane aortic angiogra-
phy or from operative findings and described with
the classification of Yamaguchi.17 Patterns found
were as follows: 1LCx2R in 91 (67%), 1L2RCx in 21
(15%), 1Cx2RL in 3 (2%), 1R2LCx in 4 (3%),
miscellaneous in 8 (6%) (1Cx2R1Acc, 1RCx2Cx,
1L2R, 1LR2Cx, 1LCx[RArr]2R, 1LCx[RAcc]2R,
1RLCx2R[Acc], 1 R[Acc]2RLCx), and a single cor-
onary artery in 9 (7%) (1RLCx or 2RLCx: intramu-
ral coronary artery in 6).
Operation. The ASO was performed with cardio-
pulmonary bypass and circulatory arrest using
Lecompte’s maneuver with removal of coronary
artery buttons and patch replacement of the valve
sinus where the coronary buttons were excised. To
close the defects in the sinuses, a single generous
patch fashioned in a pantaloon-like shape was used
in 123 patients (90%),11 and 2 separate patches were
used in 4 patients. Seven patients with a single
coronary artery (intramural in 6) had a tunnel
procedure (Takeuchi method18) performed. The
defect in the neopulmonary artery was patched with
fresh autologous pericardium in 84 patients (63%)
and glutaraldehyde-treated autologous pericardium
in 52 (38%). Ventricular septal defect closure or
coarctation repairs were performed at the same
operation as appropriate.
Supravalvular pulmonary stenosis and neo-PV
stenosis. During follow-up, 32 (24%) of the 136
patients had the development of supravalvular pul-
monary stenosis (at the anastomotic site or the
branch pulmonary arteries), with associated pulmo-
nary valvular stenosis in 15 (11%; group I). No
patients had native aortic valve stenosis before the
ASO (2 had mild thickening of the aortic valve
without obstruction). Peak instantaneous pressure
gradient by Doppler echocardiography through the
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neo-PV was 53 6 24 mm Hg in those in whom
stenosis developed. The neo-PV was tricuspid in all
but one patient, in whom obstruction did not de-
velop. Group II consisted of 121 patients with
normal neo-PV flows including the 17 patients with
supravalvular pulmonary stenosis. Subvalvular ste-
nosis was seen in 14 patients (10%; 4 in group I and
10 in group II).
Intervention. Ten of 11 patients having interven-
tion had associated neo-PV stenosis. Intervention
for right ventricular outflow tract obstruction was
required in 11 patients and included subpulmonary
myotomy and pulmonary valvotomy in 2, subpulmo-
nary myotomy and transannular patch in 4, right
ventricle to pulmonary artery external conduit in 2,
and percutaneous balloon dilation in 3 (effective in
2). Ten of 11 patients having intervention had
associated neo-PV stenosis. Kaplan-Meier estimates
of freedom from intervention were 94% (95% con-
fidence interval, 90% to 99%) at 1 year and 79%
(95% confidence interval, 64% to 94%) at 5 years
(Fig. 1).
Risk factors for neo-PV stenosis. Neo-PV steno-
sis occurred in 10% of male and 13% of female
patients (p 5 0.77). The median (range) age at ASO
was 6 days (0 to 28) for patients without neo-PV
stenosis versus 5 days (2 to 19) for patients with
neo-PV stenosis (p 5 0.78). Neo-PV stenosis devel-
oped in 11 (12%) of 91 patients with TGA and intact
ventricular septum compared with 4 (9%) of 44
patients with TGA and a ventricular septal defect
(p 5 0.78). Coronary artery pattern did not relate to
the development of neo-PV stenosis, with stenosis in
10 (11%) of 91 patients with normal anatomy
(1L2RCx) compared with stenosis in 5 (11%) of 45
patients with abnormal origins (15% with a single
coronary artery). The pulmonary artery patch mate-
rial used was also not associated with the develop-
ment of valve stenosis, which occurred in 10 (12%)
of 84 patients with a patch of untreated autologous
pericardium versus 5 (10%) of 52 patients in whom
the pericardium was treated with glutaraldehyde
(p 5 0.71).
The aortic valve annular diameter before the
ASO was significantly larger in group II (0.79 6
0.98) compared with that in group I (0.20 6 1.05)
(p 5 0.03; Fig. 2, A; measurements given as z
values). At follow-up, the neo-PV anulus had de-
creased significantly in size in both groups, but the
degree of growth delay was greater (p 5 0.04) in
group I (D z score –1.56 6 1.24, p 5 0.0003 from
normal) than in group II (D z score –0.52 6 1.80,
p 5 0.003 from normal). Group I patients had the
development of significant neo-PV annular hypopla-
sia (–1.36 6 0.94, p 5 0.0001 from normal) after
repair, whereas group II patients continued to have
significantly larger valves (p , 0.0001) than normal
(0.31 6 1.44, p 5 0.03 from normal).
There were also significant changes and differ-
ences in the dimensions of other structures between
the two groups. Both groups had larger than normal
PV anuli (pre-ASO) (1.18 6 1.12, p 5 0.003 in
group I; l.37 6 0.92, p , 0.0001 in group II) and
continued to have large neo-AV anuli (post-ASO)
that were significantly greater than normal (2.15 6
1.94, p 5 0.0008 in group I; 1.89 6 1.54, p , 0.0001
in group II) (Fig. 2, B). Both groups had normal
dimensions of the ascending aorta before repair
(–0.05 6 1.40, p 5 0.89 in group I; 0.13 6 0.79, p 5
0.07 in group II) and significantly smaller than
normal dimensions after repair (neo-mPA) (–1.97 6
1.61, p 5 0.0003 in group I; –1.07 6 1.70, p , 0.0001
in group II), which were greater in group I (p 5
0.005) (Fig. 2, C). Group I had normal main pulmo-
nary artery dimensions before the operation (0.04 6
1.13, p 5 0.89), and group II had larger than normal
dimensions (0.27 6 1.02, p 5 0.005), and in both
groups these became smaller than normal after
repair (the neoaortic root) (–1.70 6 1.25, p , 0.0001
in group I; –1.76 6 1.64, p , 0.0001 in group II),
with no differences between groups (Fig. 2, D).
Likewise, there were no significant differences be-
tween groups before or after repair regarding the
ratios between semilunar valves or branch pulmo-
nary arteries.
The median time of follow-up after ASO was
slightly shorter for those with neo-PV stenosis (0.7
years, range ,1 month to 5.8 years) than for those
without (1.5 years, range ,1 month to 7.5 years; p 5
Fig. 1. Kaplan-Meier estimates of freedom from inter-
vention for neo-PV stenosis and supravalvular pulmonary
stenosis. Dotted lines represent 95% confidence limits.
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0.17). When changes in dimensions were divided by
the time over which the change occurred, group I
patients continued to have significantly greater
growth failure of the neo-PV anulus than patients in
group II.
Likewise, when dimensions were normalized to
the structure they were, that is, neo-PV anulus
normalized to a normal aortic anulus, there were no
significant changes in the results of the analysis.
Discussion
Supravalvular pulmonary stenosis and neo-PV
stenosis
Incidence. The most commonly appreciated com-
plication after the ASO is supravalvular pulmonary
artery stenosis with an incidence of 24% in this
series. With attention to this issue through the use of
improved surgical technique, the incidence has been
decreasing.9, 19 Few reports, however, have ad-
dressed the issue of acquired neo-PV stenosis. Our
series noted an incidence of neo-PV stenosis of
11%, and small aortic anulus before the operation
predicted the development of neo-PV valve stenosis
after repair. Martin8 and Gleason13 and their col-
leagues identified neo-PV stenosis after a single-
stage repair in 4% and 9% of patients, respectively.
Whereas the single-stage ASO and reconstruction of
the pulmonary artery with a pantaloon-shaped fresh
autologous pericardial patch have decreased the
incidence of supravalvular stenosis,9 right ventricu-
lar outflow tract obstruction (valvular and supraval-
vular) was still recognized with use of the single
pantaloon patches. In our series, 15 (11%) of 136
patients had the development of neo-PV stenosis,
which could be related to surgical factors associated
with supravalvular stenosis.
Preoperative risk factors. In this study, the pulmo-
nary anulus in group I patients was significantly
smaller than that in group II patients, and growth
failure of the neo-mPA was noted in both groups. In
Fig. 2. Echocardiographic measurements. A, The relationship of neo–PV anulus before and after ASO. B,
The relationship of neoaortic valve (neo-AoV) anulus before and after ASO. C, The relationship of
neopulmonary artery before and after ASO. D, The relationship of neo-ascending aorta between before
and after ASO.
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previous studies the size mismatch between the
great arteries and a smaller aortic anulus when a
coarctation was present has been shown to be a risk
factor for the development of postoperative pulmo-
nary valve stenosis.20-22 However, the presence of a
coarctation in this study appeared not to be related
to the presence of the small neo-PV anulus. The
basis for the larger AV anulus in both groups before
the ASO is difficult to explain. It is our impression
that flow through the native aortic valve in TGA,
through the fetal and early neonatal periods, is
significantly greater than that in a normal heart
because of intracardiac shunting, but for some rea-
son, right ventricular stroke output was smaller (and
thus the aortic anulus smaller) in that subgroup of
patients in whom stenosis developed. Wernovsky
and associates23 reported that risk factors of supra-
valvular pulmonary stenosis and neo-PV stenosis
were associated with the coronary artery pattern and
a younger age at operation. However, no relation-
ship between these factors and stenosis was seen in
our review.
Surgical risk factors. Pulmonary artery stenosis
after ASO occurs in two patterns, being either
discrete or diffuse.24 Diffuse hypoplasia of the main
pulmonary artery may result from inadequate mo-
bilization of the branch pulmonary arteries, result-
ing in tension on the anastomosis. Circumferential
narrowing at the suture line may also occur and
result in a more discrete type of stenosis. In our
series, 13 of 15 patients in group I had associated
diffuse pulmonary artery hypoplasia. Spiegelen-
berg25 and Wernovsky19 and their colleagues sug-
gested that the supravalvular stenosis may also
result in semilunar valve distortion and stenosis,
implying that inadequate mobilization may ulti-
mately result in the valve anulus disorder.
Additionally, both pulmonary artery banding20
and the type of patch procedure used to correct
the defects in the pulmonary artery wall (from the
coronary artery buttons)9-11 have been suggested
as technical factors that can lead to valvular and
supravalvular stenosis. Nakanishi and coworkers14
suggested that the neo-PV anulus may be abnor-
mally small after the ASO and noted a small
anulus or lack of annular growth being more
frequent in patients who had pulmonary artery
banding. Furthermore, anterior compression by
the aorta may tent forward the pulmonary artery
and distort the neo-PV anteriorly, altering geom-
etry and interfering with growth. This study addi-
tionally noted that the neo-PV anulus at follow-up
had decreased significantly in size in both groups,
but more in group II.
In our series, the operation was performed with a
standardized technique for repair of the buttons (a
generous single pantaloon-shaped patch of fresh or
glutaraldehyde-treated autologous pericardium).
Therefore the technique for right ventricular out-
flow tract reconstruction appeared in our hands not
to be related to the development of neo-PV stenosis,
although the influence of varying the number of
patches used could not be assessed, because only a
single patch method was used. Furthermore, the
type of materials used for the patch was not related
to stenosis development. At reintervention in two
group I patients, however, we did note that there
was annular retraction in the posterior wall in the
region of the button patches, and all but one patient
had associated narrowing of the neo-mPA (hypo-
plastic main pulmonary artery). This observation
suggests that tissue degeneration around neo-PV
leaflets can occur after repair and that mechanical
traction or distortion from inadequate mobilization
leads to deterioration of the neo-PV cusps. The
suggestions of Yasui26 and Spiegelenberg25 and
their colleagues that retraction of the patches re-
sulted in narrowing of the main pulmonary artery, as
well as distortion and stenosis of the pulmonary
valves, are supported by these observations. Data in
this study would also support the idea that mechan-
ical torsion or tension on a small anulus can lead to
impaired growth.
When does neo-PV stenosis occur? In 11 (73%)
of 15 patients, neo-PV stenosis developed within the
first year after repair, whereas in 4 (17%) of 15 the
lesion developed beyond 1 year after the operation.
This observation concurs with the suggestion of
other investigators that neo-PV stenosis tends to
develop primarily during the first year after repair.23
In our series neo-PV stenosis has been responsible
for 60% of the reoperations or percutaneous cath-
eter interventions.
Growth of neo-AV anulus and ascending aorta. The
neo-AV anulus before the ASO was significantly
larger in both groups as noted by Hourihan and
associates.27 The cause for dilation of the pulmonary
valve anulus before repair in both groups may relate
to a larger volume of flow across the native pulmo-
nary valve. Interestingly, the neo-AV anulus in both
groups tended to remain larger after the opera-
tion,27 and it showed normal growth. The ascending
aorta (native pulmonary artery) before the ASO was
also significantly larger than that in the normal
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population in both groups. This may be a result of
the high flow pulmonary circulation in TGA after
birth. On the other hand, the diameter of the
ascending aorta normalized after repair in both
groups and was not significantly different between
groups. The low growth rate of the anastomotic sites
after the end-to-end anastomosis may influenced the
normalization of dimensions after the operation.28
In conclusion, these data show neo-PV stenosis is
not an uncommon event after neonatal ASO, even if
a uniform surgical procedure is adopted. A small
neo-PV anulus before the operation may predict
development of neo-PV stenosis after the ASO in
neonates.
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